Abstract Recent findings from event-related potentials (ERPs) studies provided strong evidence that centrally presented emotional pictures could be used to assess affective processing. Moreover, several studies showed that emotionally charged stimuli may automatically attract attention even if these are not consciously identified. Indeed, such perceptive conditions can be compared to those typical of the peripheral vision, particularly known to have low spatial resolution capacities. The aim of the present study was to characterize at behavioral and neural levels the impact of emotional visual scenes presented in peripheral vision. Eighteen participants were asked to categorize neutral and unpleasant pictures presented at central (0°) and peripheral eccentricities (-30 and +30°) while ERPs were recorded from 63 electrodes. ERPs were analysed by means of spatio-temporal principal component analyses (PCA) in order to evaluate influences of the emotional content on ERP components for each spatial position (central vs. peripheral). Main results highlight that affective modulation of early ERP components exists for both centrally and peripherally presented pictures. These findings suggest that, for far peripheral eccentricities as for central vision, the brain engages specific resources to process emotional information.
Introduction
The visual detection of natural emotional scenes constitutes an essential adaptive ability. However, human visual capacities are not homogeneous depending on which part of retina is stimulated. Indeed, the degradation of visual performance with retinal eccentricity strongly decreases the capability to apprehend several kinds of environmental stimuli (e.g., [1] ). Thus, the detection of one stimulus in our surrounding world, mainly projected on peripheral retina, causes saccades which displace targets of interest into foveal vision where detailed visual analysis can be performed [2] . These differential visual aptitudes beginning in the retina are subtended by the two major and parallel retino-geniculo-cortical pathways, the parvocellular and the magnocellular systems. Contrary to the parvocellular system which takes its origin mainly from central part of the retina [3] and is particularly sensitive to contrast, high spatial frequency and colour, the magnocellular system begins essentially in peripheral parts of the retina, is less effective in contrast detection and is not responsive to colour. However, the magnocellular pathway possesses a high temporal resolution [4, 5] .
Several studies evidenced the low visual acuity in peripheral vision with letters [6] , digits [7] or psychophysical stimuli such as sinusoidal gratings [8] or compound Gabor patterns [9] . However, using ecological or complex stimuli such as objects or natural scenes [10, 11] , some studies showed unexpected good performances in objects recognition (Jebara et al., submitted), in colour detection [12] or in a categorization task [13] . In particular, Thorpe and colleagues interpreted the high performance to the categorization of animal pictures as a phylogenetic advantage for species adaptation and individual survival. In sum, this kind of results evoked the possibility that the peripheral vision could process stimuli having a very high adaptive value.
In an evolutionary perspective, the particular value of emotions is unquestionable and much specificity associated with emotional processing has been demonstrated through behavioural and electrophysiological studies. Indeed, using experimental material presented in central vision, it has been demonstrated that emotional stimuli, especially unpleasant ones, are preferentially processed in comparison with neutral stimuli [14, 15] . Moreover, emotional stimuli are better remembered [16] [17] [18] , and can modulate early [19] and late [20] evoked components.
The privileged attentional capture of emotional stimuli can persist under spatio-temporal constraints very similar to those of peripheral vision, as showed by techniques of visual masking [21] , very fast presentations [22, 23] and binocular rivalry [24] . Indeed, Calvo and Lang [25] explored parafoveal vision at 10°of eccentricity and evidenced a preferential gaze attraction for emotional pictures when compared with neutral ones. At the same eccentricity, they also showed that emotional pictures were better remembered, even with brief presentations (150 ms).
Taken together, these data allow hypothesizing that, despite the low acuity of the peripheral vision, emotional processing exists when stimuli are presented to high eccentricity. Consequently, the aim of the current study was (1) to characterize the early visual processing in response to pictures presented at high eccentricities and (2) to evidence the existence of early emotional processing at those eccentricities. To this end, visual unpleasant and neutral scenes selected from the International Affective Picture System (IAPS; [26] ) were controlled with regards to their physical parameters [25, 27] and were presented in central and peripheral vision.
The behavioral and electrophysiological impact of such stimulations was evaluated by means of reaction times and event-related potentials (ERPs) recordings. Moreover, considering the rare available electrophysiological data related to peripheral vision, an exploratory spatio-temporal principal component analysis (PCA) was chosen to investigate the ERPs data (see [28] ). Indeed, PCA techniques have already demonstrated their relevance to explore ERPs in response to emotional stimuli (e.g., [20, [29] [30] [31] [32] ).
Methods
Eighteen right-handed healthy undergraduate female students (mean 20.5 ± 2.2 years) were included in the study. They all had normal or corrected to normal vision. Prior to the experiment, participants were given questionnaires in order to test their handedness [33] and to verify that they had no history of neurological or psychiatric disorder, or drug consumption.
One hundred and thirty-eight pictures were selected from IAPS 1 [26] and from a dataset developed in our laboratory (38 pictures rated for their emotional valence and arousal by 100 undergraduate female students in a preliminary study) were chosen to compose a set of 69 unpleasant (U) and another one of 69 neutral (P) pictures. Both sets included the same number of pictures depicting animals, objects, faces and human beings. Unpleasant and neutral pictures differed both for valence (means U = 2.15; N = 5.17; F(1,137) = 1075.3; P \ 0.001) and arousal (means U = 6.4; N = 2.8; (F(1,137) = 1280.1; P \ 0.001) ratings.
The mean luminance and colour saturation (for red, green and blue) for each picture were measured and some pictures were adjusted to maintain homogeneity between unpleasant and neutral sets (Adobe Photoshop Ò software, see [25, 34] ). Separate analyses of variance (ANOVA) performed on the mean luminance, the colour saturation and the standard deviation of luminance values (i.e. a contrast index) did not reveal any significant difference between the unpleasant and the neutral pictures (all Fs(1,137) \ 2 and Ps [ 0.15). For the spatial frequency content of the pictures, the complete procedure described by Delplanque et al. [27] was used. For each picture, the energy in spatial frequencies lower than 0.6 cpd and higher than 4.8 cpd was calculated and analysed for each type of layer (Red, Green, and Blue). The choice of these boundaries was based on preceding studies showing differential brain activity in function of the spatial frequency content of stimuli [35] [36] [37] . Then, data were Z-score transformed for inter-band comparability. The ANOVA performed on these scores did not reveal any significant difference between unpleasant and neutral pictures (all Fs(1,137) \ 2.65 and Ps [ 0.1). The whole dataset was split into three blocks of 46 pictures (23 U and 23 N). For each block, all the aforementioned parameters corresponded to those of the global selection. Pictures (800 9 600 pixels; 20°of visual angle at a distance of 2.1 m) were randomly projected for 200 ms on a panoramic screen (as described in [12] ), at three different eccentricities: 0°(centre); -30°(left); +30°(right). Since the size of the stimuli was 20°, the pictures in peripheral vision extended from 20 to 40°of eccentricity. The inter-stimulus interval varied between 2.5 and 4 s. The three blocks of pictures were used for each subject. The blocks were associated with the eccentricities in such a way that, every three participants all the pictures were presented to all eccentricities.
Participants gave an informed consent, seated in a chair in front of the panoramic screen in a dimly lighted room and had to keep their eyes on a central fixation cross, their head being maintained with a chin strap. As soon as pictures appeared, they had to explicitly categorize them (i.e. unpleasant or neutral) with the help of the two buttons of a response box.
Electroencephalographic activity (EEG, ANT system) was recorded at 63 electrode sites of the extended 10-20 system using tin electrodes inserted in an elastic nylon cap (Electrocap International) with an online averaged reference and a forehead ground. Seven additional electrodes were placed for electro-ocular activity recordings: one at the nasion, two at the outer canthi of eyes and one above and below each eye. The impedance for all the electrode sites was kept below 5 kX. The EEG was digitized at 1024 Hz in continuous. The high-low bandpass was set between 0.016 and 30 Hz. All trials with artifacts exceeding ±100 lV were excluded from the analysis. Moreover, all trials containing eye movements within the first 250 ms after the presentation of the stimulus were rejected in order to exclude the possible saccades towards the location of visual stimulus [38] . Average-referenced EEG epochs (-100 to 600 ms) were time-locked to the stimulus onset, baseline corrected (-100 to 0 ms) and averaged offline according to the a priori pictures selection.
The spatio-temporal PCA consists in two PCA on EEG waveforms to reduce both the spatial and temporal dimensionalities of the dataset. The details of the method are reported in Spencer et al. [39] . In a first step, a spatial PCA was performed, for each eccentricity, with electrode sites (63) as variables and time points, participants and conditions as observations. Spatial PCA identified groups of electrodes which were highly correlated and reduced them by hypothetical, unobserved and latent dependent variables (see [28] ). Each new extracted factor can be considered as one specific spatial configuration of brain activation, called by Spencer et al. [39] ''virtual electrode''. The virtual electrode can be visualized by a topographic map of factor loadings, which correspond to the contribution of the virtual electrode to the original voltage at each electrode.
In a second step, the factor scores of these ''virtual electrodes'' (i.e. the contribution of a spatial factor to the voltage observed for each original waveform) were considered as ''virtual ERPs''. The corresponding time series (617 points) were submitted to a temporal PCA with time points as variables and participants and conditions as observations. Temporal PCA identifies groups of time points which are highly correlated and reduced them by hypothetical, unobserved and latent variables (i.e. temporal factors). The result of complete spatio-temporal PCA procedure is a set of factor scores used here to compare the activity of ''virtual electrodes'' at particular times (i.e. for each temporal factor) in response to unpleasant and neutral pictures presented at each visual eccentricity.
Results

Behavioural Performance
A Greenhouse-Geisser corrected repeated measures ANOVA with eccentricity (-30°, 0°, +30°) and emotional content (neutral, unpleasant) as within-subject factors was performed on the rate of correct categorization responses. This analysis revealed a significant interaction between eccentricity and emotional content (F(2,34) = 15.91; P \ 0.001). Post hoc comparisons (Tuckey's HSD) revealed a higher rate of correct responses for neutral pictures than for unpleasant ones, when they were presented in the left (-30°: N = 89.2% ± 10.8; U = 53.7% ± 19.6; P \ 0.001) and in the right visual field (+30°: N = 90.6% ± 11.1; U = 51.5% ± 18.1; P \ 0.001) whereas there was no significant difference for central vision (N = 95.1% ± 10.4; U = 85.7% ± 14.5; P = 0.21). Moreover, post hoc comparisons show that percentages of correct responses for neutral pictures were not different across spatial positions (-30°vs. 0°: P = 0.612; -30°vs. +30°: P = 0.987; 0°vs. +30°: P = 0.934). Finally, percentages of correct responses for unpleasant pictures did not differ from chance level when they were presented in the left (t = 0.84; P = 0.588) or in the right (t = 0.65; P = 0.474) visual field.
A similar ANOVA was performed on the participant's mean reaction time, according to the a priori selection of the pictures. This analysis revealed a main effect of eccentricity (quadratic trend: F(1,17) = 19.34; P \ 0.001) corresponding to longer reaction times in response to the peripherally presented pictures as compared to the centrally presented ones (-30°= 981 ± 155 ms; 0°= 891 ± 132 ms; +30°= 984 ± 168 ms). Moreover, a main effect of emotional content was also significant (F(1,17) = 4.44; P \ 0.05) with longer reaction times in response to unpleasant pictures (U = 969 ± 136 ms; N = 933 ± 154 ms). The interaction between emotional content and eccentricity did not reach significance (F(1,17) = 0.85).
Eccentricity Effects on Early ERPs
In order to investigate the early occipital activity (P100) in response to both centrally and peripherally presented pictures (Fig. 1a) , we first conducted a baseline-to-peak analysis (seeking for maximum amplitude and latency) in a 70-110 ms temporal window after stimulus onset for three occipital electrodes (Oz for the midline, PO7 and PO8 for left and right hemispheres, respectively). A GreenhouseGeisser corrected repeated measures ANOVA was performed with emotional content (unpleasant, neutral) eccentricity (-30°, 0°, +30°) and electrode (PO7, Oz, PO8) as within-subject factors on the measured amplitudes. This analysis revealed a significant eccentricity x electrodes interaction (F(4,68) = 8.99; P \ 0.001) allowing the investigation of each eccentricity separately. When the pictures were presented to the left (-30°), the amplitude significantly increased from the left to the right parietooccipital areas (linear trend: F(1,17) = 19.67; P \ 0.001). For the centrally presented pictures (0°), the amplitude was higher for the midline electrode (Oz) as compared to the lateral ones (PO7 and PO8; quadratic trend: F(1,17) = 5.18; P \ 0.05), the amplitude at the left side being slightly inferior to the right side (PO7 \ PO8; linear trend: F(1,17) = 5.82; P \ 0.05). When the pictures were presented to the right (+30°), the amplitude significantly increased from the right to the left parieto-occipital areas (linear trend: F(1,17) = 6.82; P \ 0.05) (Fig. 1b) . This analysis did not reveal any significant emotional effect or significant interaction between spatial position and emotional content of the pictures.
We also investigated potential peak latency differences by performing a Greenhouse-Geisser corrected repeated measures ANOVA with eccentricity (-30°, 0°, +30°) and electrode (PO7, Oz, PO8) as within-subject factors. A main effect of eccentricity (quadratic trend: F(1,17) = 8.78; P \ 0.01) revealed longer latencies in response to peripherally presented pictures (-30°= 99 ± 9 ms; 0°= 95 ± 9 ms; +30°= 102 ± 8 ms). Among the ''virtual electrodes'' (spatial factors: SF) extracted by the spatial PCAs performed for each eccentricity, three topographies (SF3-l, for the third SF extracted by PCA applied to data of -30°presentation; SF3-c, for the third SF extracted by PCA applied to 0°presentation; SF4, at +30°) showed an increase of activity around 100 ms after the onset of the stimulus, as showed by the representation of their ''virtual ERPs'' (Fig. 1c) , and could be associated with the classical P100 component. In sum, when pictures were presented in left visual field (-30°), a P100-like with an increase of activity around 100-120 ms was observed in contralateral side of presentation, i.e. in right parieto-occipital areas (SF3-l). Conversely, when pictures were presented in right visual field (+30°), a P100-like corresponding to an increase of activity around 100-120 ms, was observed in left parieto-occipital areas (SF4). Finally, the centrally presented pictures (0°) induced an increase of activity in a broad and mainly median occipital area (SF3-c) at around 80-100 ms that can be reasonably associated with the P100.
Emotional Effects on Early ERPs
For each couple composed by a spatial and a temporal factor (i.e. the activity of a ''virtual electrode'' at a specific time), an ANOVA with emotional content (U, N) as within-subject factor was performed on the individual temporal factor scores. For better readability, we represented (Fig. 2) only the comparisons that demonstrated significant differences for the emotional content during the early visual activity after the stimulus onset (\250 ms). When the pictures were presented to the left (-30°, Fig. 2a) , the first significant effect of emotional content appears for the P100-like, after about 145 ms (as indicated by the maximum of TF6 loadings) mainly on right parieto-occipital areas (as indicated by the maximum of SF3-l loadings) with higher scores in response to neutral pictures as compared to unpleasant ones (F(1,17) = 6.15; P \ 0.05). Later on (225 ms; TF4), neutral pictures elicited less activity than unpleasant ones mainly on frontal areas (SF1; F(1,17) = 9.4; P \ 0.01) but also on right temporal areas (SF5; F(1,17) = 13.39; P \ 0.01). When pictures were presented in the centre (Fig. 2b) , the first emotional effect was not observed for the P100 (SF3-c) but appeared slightly before, around 90 ms (TF8) with higher factor scores for neutral pictures than for unpleasant pictures on parietal areas (SF2; F(1,17) = 6.33; P \ 0.05). Later differences were observed (145 ms, TF7) for the same areas (SF2) with higher activity for neutral pictures than for unpleasant ones (F(1,17) = 4.53; P \ 0.01). Finally, when the pictures were presented to the right (+30°, Fig. 2c ), the activity recorded for the P100-like at about 123 ms (TF7) was significantly lower for neutral pictures as compared to unpleasant ones on left parieto-occipital areas (SF4; F(1,17) = 6.92; P \ 0.05). Later differences were observed at about 220 ms (TF5) with lower activity in response to neutral pictures as compared to unpleasant ones for left parieto-occipital areas (SF4; F(1,17) = 9.4; P \ 0.01) and also for frontal areas (SF1; F(1,17) = 6.2; P \ 0.05).
Discussion
The objective of the current study was to examine the early visual evoked responses to complex pictures presented at peripheral locations and to assess the existence of early emotional processing in those conditions.
Eccentricity and Emotional Effects on Behavior
First, the global performance of the participants decreased with eccentricity since the percentage of correct responses of participants significantly dropped. Moreover, the decrease of correct responses in peripheral vision was more pronounced for unpleasant pictures. One could argue that this result is due to a bias in our a priori selection of pictures, the neutral ones being more easily categorized. However, since the participants categorized correctly both neutral and unpleasant pictures when presented in central vision, such a proposal is highly improbable. In our opinion, this result is better explained by a response bias, most of the participants reporting that they used the neutral choice when they were not sure about the pictures content. This strategy artificially increased the ratio of correct responses for neutral pictures, which remained high across the different eccentricities. By contrast, the percentage of correct response for unpleasant pictures decreased to chance level when presented at the periphery.
Second, the reaction times were longer in response to pictures projected in peripheral visual fields as compared to centrally presented ones, irrespective of their emotional content. These results, in line with those reported by Thorpe et al. [13] for the presentation of non emotional natural scenes, can be explained by a decrease of global vision quality in periphery. As suggested by these authors, the reaction times are thought to increase with the spacing between retinal ganglion cells, observed from fovea to periphery. Moreover, the reaction times were globally longer in response to unpleasant pictures, whatever the eccentricity. The unpleasant content of the pictures could have captured more attentional resources than the neutral ones, thus reducing resources available for the categorization task and then explaining the increase in reaction times for these pictures. Indeed, several studies support this assumption [40] [41] [42] by showing that target detection at invalid locations was slowed by threat cues, suggesting that unpleasant stimuli could engage more attentional resources at the emotionally cued location.
Finally, considering that the carefully designed selection of a priori unpleasant and neutral pictures matched the participant's categorization in central vision, the electrophysiological analyses were focused on same pictures selection.
Effects of Eccentricity on Early Visual ERPs
When pictures were presented in far peripheral vision, the baseline-to-peak analysis as well as the spatio-temporal PCA revealed the existence of an electrophysiological component similar to the P100 (called here P100-like) already described in central vision [43, 44] . The P100 reflects early activation in extrastriate visual areas, mainly in lateral occipital and inferior temporal cortices [45] . This origin could explain the topographical distribution observed for both central and peripheral presentations in our study. Indeed, in peripheral vision, this ''P100-like'' component is lower in amplitude, slightly delayed and its distribution is dependent on the side of presentation of the visual stimulus. As a matter of fact, whereas the P100 evoked by centrally presented pictures was maximally distributed in occipital median electrode, the ''P100-like'' evoked by peripherally presented pictures was maximal for the parieto-occipital areas contralateral to the stimulus presentation side. Indeed, visual information coming from the right visual hemifield is conveyed to the left occipital visual areas (and vice-versa for the left visual hemifield) via both ipsilateral and contralateral pathways. Such predominant contralateral activity in response to peripherally presented pictures was already found with fMRI [46] , magnetoencephalography [47] or visual evoked potentials [48] but never at such eccentric locations. The lateralization of the early visual activity could also be related to a more extended and direct innervation of secondary and more lateral areas by the magnocellular pathway, as suggested by a few studies in animals ( [49] in monkeys; [50] in cats). Our study constitutes a first insight into the early visual processing of complex pictures presented at high eccentricity. However, more psychophysical studies are needed to refine the neural network involved in far eccentricity processing, as it was done in parafoveal vision (i.e. [51] ).
Effects of Emotion on Early Visual ERPs
The third and main result of our study is that, for the first time, we evidenced the existence of early emotional processing at far peripheral vision. This result confirms that the peripheral vision could process stimuli having a very high adaptive value and that emotional content can be extracted even in peripheral vision, i.e. in conditions of low acuity. It extends results of Calvo and Lang's study which showed emotional differentiation in parafoveal retina (10°o f eccentricity).
Early emotional differences are observed for both central and peripheral vision and are unlikely related to the perceptual characteristics of the stimulus since luminance, contrast and spatial frequency content of the pictures were controlled. In central vision, the first modulation due to the emotional content of the picture was observed earlier than 100 ms on parieto-occipital areas. This kind of effect was already described in this latency range but rarely on the peak of the P100 itself [15, 52] . In far peripheral vision (+30°and -30°), the earliest emotional influence was observed in the contralateral occipital area, after 120 ms, i.e. after the aforementioned P100-like component and after the earliest observed emotional effects for central presentations. This latency difference could be due to the difficulty to extract the emotional features of the scenes presented to high eccentricities. These early emotional differences could be explained by top-down feedback, from higher cortical structures to visual areas [53] , or by modulation in the sensory visual areas themselves. There is also evidence that the amygdala processes aversive information very rapidly [54, 55] . Given its connections with the visual cortex, amygdala [53] could rapidly process unpleasant stimulus and contribute to dissociate neutral from unpleasant information in extrastriate areas. Later stages of stimulus processing were also modulated by the emotional content when pictures were presented both in central and peripheral vision. Indeed, spatial and temporal factors showed differential sensitivity to emotional content according to eccentricity which suggests the existence of different neural networks involved in emotional processing for central and peripheral vision.
Our analyses revealed an early emotional effect with neutral pictures eliciting stronger activities than unpleasant ones, when presented in the left and the central visual fields. This unexpected result could be considered as rather inconsistent with the classic ERP pattern showing enhanced ERPs effects for unpleasant stimuli compared to neutral ones [19] . However, other studies showed higher early [56] or late [57] ERP amplitudes for neutral compared to unpleasant stimuli, at least in central vision. Thus, the classical view of amplitudes superiority for emotional laden stimuli should not be considered as a systematic rule. Moreover, concerning peripheral presentations, to our knowledge, there is no available data on ERPs emotional effects. In sum, the complex pattern of results obtained by exploratory spatiotemporal analysis asks for further studies in order to better identify emotional effects elicited in paradigms conjugating central and peripheral vision exploration.
In addition, considering the higher temporal resolution of the magnocellular pathway, mostly related to the peripheral vision [4] , it seems counter-intuitive that emotional effects appeared earlier in central than in peripheral vision. However, recent data [58] showed that magnocellular and parvocellular pathways are not clearly separated and that many connections exist between them. Thus, it seems premature to conclude that the magnocellular pathways alone would convey the emotional related information. Future studies using moving or low-passed filtered stimuli rather than static pictures containing all the spatial frequencies, could be of great help to shed some light on this issue.
In conclusion, the ability of central vision to process emotional information appeared to persist in peripheral vision, in spite of structural differences. This supports the view that affective content is of the greatest importance for adaptation, whatever conditions of vision. In line with the studies of masking, rapid serial visual presentations, or using unexpected emotional stimuli, this work strongly suggests that human brain is able to quickly disentangle affective from neutral information in low acuity vision.
